Kimura, Fumitaka and Robert W. Baughman. Distinct musca-tion is diffuse and only roughly topographic, and it seems rinic receptor subtypes suppress excitatory and inhibitory synaptic likely to play a neuromodulatory rather than a direct synaptic responses in cortical neurons. J. Neurophysiol. 77: 709-716, 1997. role (Umbriaco et al. 1994) . Application of exogenous ACh Simultaneous whole cell recordings from monosynaptically con-in cortical areas increases the excitability of many neurons, nected cortical cells were performed with the use of two patch although some are inhibited (reviewed in Caulfield 1993; pipettes to determine the effect of acetylcholine (ACh) on both McCormick 1992 et al. 1988; Vilaro et al. 1990) in neocortex. We use the against the ratio of the amplitude of postsynaptic potentials sug-classification of muscarinic subtypes based on genotype gests a presynaptic mechanism for the suppression of both EPSPs (Dorje et al. 1991). These receptors are expressed differenand IPSPs. In addition, in many cases a large synaptic suppression tially in different cortical layers and possibly in different was observed without an obvious change in the input resistance.
be associated with reduction in K / conductances (Caulfield IPSPs, respectively) in cultured neurons from rat visual cortex. al. 1992; Caulfield 1993; ) and increase of resistant to ACh whereas 8 of 12 IPSPs were still suppressed by
1993; McCormick 1992). Somewhat surprisingly, given the
ACh. This result supports the interpretation that the suppression K / conductances (Caulfield 1993) have been observed, of EPSPs was mediated by m4 receptors and that of IPSPs by which could account for synaptic suppression. m1 receptors. To obtain an indication as to whether ACh works Of the five known muscarinic receptor genes, four (m1-presynaptically or postsynaptically, 1/CV 2 analysis was carried m4) are expressed in cortex at significant levels (Buckley out. The resultant diagonal alignment of the ratio of 1/CV 2 plotted et al. 1988; Vilaro et al. 1990 ) in neocortex. We use the against the ratio of the amplitude of postsynaptic potentials sug-classification of muscarinic subtypes based on genotype gests a presynaptic mechanism for the suppression of both EPSPs (Dorje et al. 1991) . These receptors are expressed differenand IPSPs. In addition, in many cases a large synaptic suppression tially in different cortical layers and possibly in different was observed without an obvious change in the input resistance.
cell types (Levey et al. 1991; Lidow et al. 1989; Mrzljak et Furthermore, in one case where a single inhibitory driver cell was Rossner et al. 1993) , but the precise role of the recorded with three different follower cells sequentially, none of the three IPSPs was suppressed by ACh, providing additional sup-different receptor subtypes is unclear. We have found that port for the presynaptic localization of ACh action. These results m1 and m4 receptors play very specific roles in regulating suggest that in cerebral cortex ACh has, in addition to its direct the strength of synaptic connections. facilitatory effect via m3 pharmacology, a suppressive effect on EPSPs and IPSPs via m1 and m4 muscarinic receptors, respectively, probably with a presynaptic site of action. Separation of the M E T H O D S actions of ACh into different receptor-second messenger pathways with potential for independent interactions with other neuromodu-Culture preparation latory systems may be an important aspect of the mechanism of cholinergic regulation of functional state in cortex. Separation of Blocks of posterior dorsal cortices including the oc1/oc2 region cholinergic effects at different receptors might also offer a means (Paxinos and Watson 1982) of 1-to 5-day-old rat pups were enzyfor selective pharmacological intervention in disorders of sleep or matically dissociated with papain (Baughman et al. 1991) . The memory.
cell suspension was plated on cortical glia grown on collagen islands (300-400 mm ID) prepared by evaporating droplets of rat tail collagen (Collaborative Research) placed on a thin sheet of
aragose on a 22-mm glass cover slip. A film of Sylgard (Dow Corning) was used to attach the cover slip over a 1. which left only a monosynaptic IPSP. The membrane poten-(reagents from Sigma), pH 7.3. Membrane potentials were recorded in current-clamp mode with an Axon Instruments Axoclamp tial of the postsynaptic cell was adjusted by current injection 2A amplifier and digitized at 5-8 kHz (Indec Systems). Stimula-to approximately 065 to 070 mV for EPSPs and 050 to tion and recording were carried out simultaneously on two channels 040 mV for IPSPs, which gave sufficient driving force to with CTWO software (K. Jones, Indec Systems). The normal bath-produce readily measurable PSPs in each case.
ing solution consisted of minimal essential medium (Gibco) modified by adding 10 mM glycine and reducing the NaHCO 3 concentraSuppressive effect of ACh tion to 1.3 mM. When equilibrated with atmospheric CO 2 , this medium had a pH of 7.4. The NaHCO 3 subtracted from the minimal When ACh was perfused locally through a micropipe, the essential medium was replaced with NaCl.
amplitude of both EPSPs and IPSPs was suppressed, although the action of ACh on EPSPs was more potent. An Drug application example of suppression of an EPSP is shown in Fig. 2A ; the effect was dose dependent (Fig. 2B) . The EC 50 for AChACh and other drugs were applied through micropipes (200 mm ID) whose tips were positioned to bathe the recorded cell com-mediated suppression of EPSPs was Ç30 nM (Fig. 2D) . pletely ( Fig. 1) . In some experiments with excitatory postsynaptic An example of suppression of an IPSP is shown in Fig. 3A ; potentials (EPSPs), tetrodotoxin (Calbiochem) was added at a it is also dose dependent ( listed in Table 1 . EPSPs were Ç7 times more sensitive to and pirenzepine from Research Biochemicals International.
suppression by ACh than were IPSPs, and the maximum suppression achieved with EPSPs was slightly greater than
for IPSPs. Recordings of postsynaptic potentials (PSPs) were made from neurons from rat visual cortex maintained in cell cul-Distinct muscarinic subtypes involved in the suppression ture. Seventy excitatory synaptic pairs and 56 inhibitory syn-of EPSPs and IPSPs aptic pairs were recorded with the preparation shown in Fig.  1 . In each case the monosynaptic nature of the connection The suppression of PSPs by ACh was reversed by muscawas confirmed. Criteria included short (1-4 ms) as well rinic antagonists (Figs. 2C and 3C), which indicates that as constant synaptic latencies and ability to follow high-muscarinic cholinergic receptors are involved. Because m1-frequency (30-50 Hz) action potentials. For excitatory m4 muscarinic receptors are expressed in cortex (Buckley et pairs, polysynaptic excitation was commonly observed, and al. 1988; Levey et al. 1991; Vilaro et al. 1990 ), we selected a series of antagonists to attempt to determine whether specific muscarinic receptor subtypes are involved. None of the available antagonists is completely selective, and we therefore chose a series of three antagonists, pirenzepine, 4-DAMP, and methoctramine, that together provide relatively specific discrimination of m1-m4. Each of these antagonists was able to reverse the suppression of EPSPs and IPSPs produced by ACh, but the potency was different in each case. Dose-response curves for each antagonist are shown for EPSPs in Fig. 4A and for IPSPs in Fig. 4B . Estimates of the affinities for the different antagonists were calculated from the Schild equation (Lazareno and Birdsall 1993a,b) , and the results are summarized in Table 2 . The approach described by Lazareno and Birdsall (1993a,b) Additional support for this assignment of receptor subtype were not significantly different from those of the m1 recepwas obtained from second-messenger pharmacology. Mustor. In other words, the observed pKb values most closely carinic m1 and m4 receptors generally act via different secresemble those for the m4 receptor for EPSPs and the m1 ond messengers; m4 inhibits adenylyl cyclase, whereas m1 is receptor for IPSPs. a potent phospholipase activator. Pertussis toxin selectively Another way of comparing the antagonists, which follows inactivates the G protein subunits associated with the m2 from the previous analysis, is to look at the relative affinities and m4 receptor (Higashida et al. 1990) . If the m4 receptor under given conditions. This is illustrated in Table 3 , where actually mediates the action of ACh on EPSPs, then pretreatthe affinities of the different antagonists for the m1-m4 ment with pertussis toxin should make the EPSP responses cloned receptors and for blocking ACh suppression of EPSPs resistant to application of ACh. Of eight EPSP pairs tested and IPSPs are normalized to the affinity for 4-DAMP. This after pretreatment with pertussis toxin, seven were insensiapproach also illustrates the similarity of the values for tive to ACh (Fig. 5A ) and only one still showed some EPSPs with m4 clones receptors, and of the values for IPSPs with m1 cloned receptors.
suppression. In contrast, in untreated cultures, as mentioned above, Ç96% of the pairs tested responded to ACh. This supports the interpretation that an m4 (or m2) receptor is involved in the muscarinic suppression of EPSPs. On the other hand, of 12 IPSPs tested after treatment with pertussis toxin, 8 (67%) were still suppressed by ACh (Fig. 5B) , and 4 were unaffected, close to the fraction of IPSPs suppressed (73%) in control conditions, which suggests that IPSPs are not suppressed by an m4 (or m2)-receptor-based mechanism.
Possible presynaptic site of ACh action
To obtain evidence concerning the pre-versus postsynaptic localization of the site of action, the effect of muscarinic suppression at different concentrations of ACh on the variance of the PSPs was analyzed. In the standard quantal model for synaptic transmission, the calculated value of 1/CV 2 (where CV or coefficient of variation Å SD/mean) of the response is affected by presynaptic changes in either the Malinow and Tsien 1990; Manabe et al. 1993) . A change in the ratio of 1/CV 2 with changes in the response ratio indictates a presynaptic action, although it does not distinIn one case three different follower cells were obtained for a single inhibitory driver cell, and in all three cells the guish changes in n versus changes in p. If the suppression is produced only by a decrease in postsynaptic respon-response was unaffected by ACh (Fig. 7) . Similarly, in another case with two different follower cells for an inhibitory siveness, a horizontal plot would result, reflecting the independence of 1/CV 2 from q. We found that for both EPSPs driver, both responses were suppressed by ACh. As described in the DISCUSSION, this provides an additional arguand IPSPs, 1/CV 2 decreased approximately proportionally as the response was suppressed with ACh (Fig. 6) . Thus ment that the action of ACh in these cases was likely to have been presynaptic. for both EPSPs and IPSPs the results are most consistent with a presynaptic localization of the site of action of ACh, In addition to affecting synaptic strength, ACh had direct actions on the cells, sometimes producing a depolarization, provided the assumption of a standard quantal model is valid (see DISCUSSION ) . sometimes producing a hyperpolarization or occasionally (Dorje et al., 1991) are presented in the right columns. 4-DAMP, 4-diphenylacetoxy-N-methylpiperidine. For remaining abbreviations, see Table 1 . * † ‡ §Significantly different from pKb values for the m2, m1, m3, and m4 receptors, respectively (P õ 0.05; unpaired, 2-tailed t-test). Dorje et al. (1991) . This provides evidence that neither m2 or m3 receptors are likely to be involved, but the distinction 4-DAMP å1.00 å1.00 å1.00 å1.00 å1.00 å1.00 between m1 and m4 is difficult on the basis of the antagonists ger involvement, because m4 responses are generally linked For comparison, pKb values were normalized to 4-DAMP. For abbrevia-to pertussis-toxin-sensitive G proteins and m1 responses are tions, see Tables 1 and 2. not. The near elimination of EPSP sensitivity to ACh after pertussis toxin treatment supports the assignment of an m4 producing both. These effects, however, at least as detected mechanism for EPSPs. On the other hand, the persistence by recording at the soma, could not account for the suppres-of an ACh effect for IPSPs after pertussis toxin treatment is sion of the synaptic responses. In many cases a large synaptic consistent with the assignment of an m1 mechanism for suppression was observed without a detectable direct effect. IPSPs. In an earlier study Segal (1982) oberved that pirenIn most cells the input resistance increased or was un-zepine was relatively ineffective at preventing ACh suppreschanged; in the presence of ACh (10 06 M) it was 97.5 { sion of EPSPs in hippocampal neurons and suggested the 10.0% (mean { SE) of control for EPSP followers (n Å 10 action of a ''non-M1'' mechanism, which is consistent with and 107.5 { 7.1% of control for IPSP followers (n Å 11). our observations. On the other hand, Das et al. (1992) concluded that in slices of frontal cortex the lack of sensitivity D I S C U S S I O N of ACh suppression of EPSPs to himbacine, an m2-m4-selective antagonist, argued against an m4 and for an m1 Our results demonstrate a powerful muscarinic suppresreceptor mechanism. On the basis of the available data, we sion of both EPSPs and IPSPs in cortical neurons. This is cannot account for this difference. In amygdala, accumbens, consistent with a number of previous studies in hippocampus and striatum, Sugita et al. (1991) felt that the action of (Ben-Ari et al. 1981; Hounsgaard 1978; Scanziani et al. selective antagonists on muscarinic suppression of excitatory 1995 ; Segal 1982; Valentino and Dingledine 1981; Yama- responses was consistent with an M3 (m3) mechanism, almoto and Kawai 1967), cortex (Hasselmo and Bower 1992;  though m4 or m5 could not be ruled out. Hsu et al. (1995 ) Williams and Constanti 1988 ), striatum (Hsu et al. 1995 , also suggested an M3 mechanism for muscarinic supression and basal forebrain (Szerb et al. 1994) . These extensive of EPSPs in striatum on the basis of antagonist rank order. demonstrations of muscarinic synaptic suppression in intact Support for m1 suppression of IPSPs is provided by the tissues support the likelihood that our studies in cell culture observation that g-aminobutyric acid release from cortical represent a reasonable model for in vivo responses. The slices is suppressed by an m1-like mechanism (Hashimoto maximum amount of suppression that we observe is large, et al. 1994; Hasuo et al. 1988) . Sugita et al. (1991) also equalling Ç70-90% of the control response. The median concluded that in amygdala, accumbens, and striatum, museffective concentration for the effect on EPSPs is Ç7 times carinic suppression of g-aminobutyric acid responses was lower than for IPSPs, which suggests that excitatory translikely to be M1 (m1) based. mission is essentially blocked by the time inhibitory transWhat is known about the expression of muscarinic recepmission is effected.
Our assignment of an m4 receptor response for the EPSPs tors in cortical neurons? Levels of mRNA message and anti- body detection of expressed protein argue that m1-m4 muscarinic receptors are present in cortex in vivo (Buckley et al. 1988; Levey et al. 1991) , and that m1, m3, and m4 continue to be expressed in culture (Eva et al. 1990 aptically, our results suggest a presynaptic site of action of ACh for both EPSPs and IPSPs. On the other hand, some experiments have suggested that changes in synaptic strength presence of ACh, the sensitivity of postsynaptic cells to exogenously applied glutamate or g-aminobutyric acid does may occur as a result of the activation or inactivation of clusters of postsynaptic glutamate receptors, producing a not change (Segal 1982) , which instead supports a presynaptic action for ACh. Another possible postsynaptic mechachange in CV without any change in presynaptic release (Isaac et al. 1995; Kullmann 1994; Selig et al. 1995 ; see nism to suppress PSPs is a decrease in the input resistance of the postsynaptic cell, which would shunt and thus depress also Faber and Korn 1991). In principle such postsynaptic changes might account for our results. An argument against the PSPs. We observed, however, that in the majority of postsynaptic cells for both EPSPs and IPSPs, the input resiseffects on postsynaptic receptors, however, is that in the tance increased or was unchanged during the application of ACh. Although the current pulses that we used to test the input resistance probably did not spread throughout the dendritic field, they most likely would have revealed any decreases in conductance large enough to account for the observed suppression. An experiment that we carried out with a single inhibitory driver cell and three different followers provides an independent argument that at least for IPSPs, a presynaptic action is involved. In this case the response of all three postsynaptic cells was unaffected by ACh. As described above, the chance that any one inhibitory pair does not respond to ACh is Ç27%. This means that if the ACh response is postsynaptic, the chance that three cells would not respond is only Ç2%, which suggests that in this case the action of ACh was most likely presynaptic.
What are possible presynaptic mechanisms by which muscarinic receptors could reduce the synaptic response? Block of presynaptic Ca 2/ influx would certainly be a candidate (Bernheim et al. 1992; Caulfield 1993; . Alternatively, an increase in K / conductance (Caulfield 1993) could reduce presynaptic depolarization and thereby reduce release. Muscarinic block of Ca 2/ conductances has been observed in neurons (Bernheim et al. 1992; Caulfield 1993; , and inhibition of ACh release by presynaptic ''autoreceptors'' acting with ''M2'' receptor pharmacology to increase K / conductance has been reported (Caulfield 1993) . Recently an argument was made that the cholinergic autoreceptor in hippocampus is more likely to be m4 than m2 (McKinney et al. 1993 ). 
